Fruit accumulate a diverse set of volatiles including esters and phenylpropenes. Volatile esters are synthesised via fatty acid degradation or from amino acid precursors, with the final step being catalysed by alcohol acyl transferases (AATs). Phenylpropenes are produced as a side branch of the general phenylpropanoid pathway. Major quantitative trait loci (QTLs) on apple (Malus 3 domestica) linkage group (LG)2 for production of the phenylpropene estragole and volatile esters (including 2-methylbutyl acetate and hexyl acetate) both co-located with the MdAAT1 gene. MdAAT1 has previously been shown to be required for volatile ester production in apple (Plant J., 2014, https://doi.org/10.1111/tpj.12518), and here we show it is also required to produce p-hydroxycinnamyl acetates that serve as substrates for a bifunctional chavicol/eugenol synthase (MdoPhR5) in ripe apple fruit. Fruit from transgenic 'Royal Gala' MdAAT1 knockdown lines produced significantly reduced phenylpropene levels, whilst manipulation of the phenylpropanoid pathway using MdCHS (chalcone synthase) knockout and MdMYB10 over-expression lines increased phenylpropene production. Transient expression of MdAAT1, MdoPhR5 and MdoOMT1 (O-methyltransferase) genes reconstituted the apple pathway to estragole production in tobacco. AATs from ripe strawberry (SAAT1) and tomato (SlAAT1) fruit can also utilise p-coumaryl and coniferyl alcohols, indicating that ripening-related AATs are likely to link volatile ester and phenylpropene production in many different fruit.
INTRODUCTION
The unique flavours and aromas of different fruit are composed of a complex mix of acids, sugars and a wide range of volatile compounds, including esters and phenylpropenes. Fruit such as apple (Malus 9 domestica), banana (Musa sapientum), kiwifruit (Actinidia chinensis), melon (Cucumis melo) and pineapple (Ananas comosus) accumulate significant amounts of volatile esters where they contribute characteristic fruity notes (Macku and Jennings, 1987; Young et al., 2004; Tokitomo et al., 2005; Kourkoutas et al., 2006; G€ unther et al., 2015) . In other fruit such as tomato (Solanum lycopersicon) and blueberry (Vaccinium corymbosum), few volatile esters are detectable (Baldwin et al., 2000; Du and Rouseff, 2014) , and some ester compounds, for example, acetate esters in tomato, are negatively correlated with human preferences (Goulet et al., 2012) . In 'Gala' apples, the major odour-active esters are hexyl acetate (fruity, green, apple notes), butyl acetate (ethereal, solvent, fruity) and 2-methylbutyl acetate (2MBA; overripe, fruit, sweet; Plotto et al., 2000) . Phenylpropenes are typically found at much lower levels in fruit, but have been detected as free volatiles or sequestered glycosides in apple, banana, melon, strawberry (Fragaria vesca) and tomato (reviewed in Atkinson, 2017) . Phenylpropenes impart flavour notes associated with aromatic spices, for example, anise (Pimpinella anisum) and clove (Eugenia caryophyllus), and herbs such as sweet basil (Ocimum basilicum) and fennel (Foeniculum vulgare). In apple, estragole (anise, licorice notes) is the most widely described odour-active phenylpropene (Plotto et al., 2000) ; with eugenol (sweet, spicy, clove) and chavicol (clove, spicy) also being reported (Fuhrmann and Grosch, 2002; Xu et al., 2007) .
Esters are synthesised via fatty acid degradation or from amino acid precursors. The final step in volatile ester production is catalysed by alcohol acyl transferases (AATs), which form a subgroup of the BAHD (benzyl alcohol-acetyl-, anthocyanin-O-hydroxy-cinnamoyl-, anthranilate-N-hydroxycinnamoyl/benzoyl-, deacetyl-vindoline) acyltransferase superfamily (Figure 1; D'Auria, 2006) . AATs catalyse the addition of an acyl moiety from an acyl-coenzyme A (acyl-CoA) donor onto an alcohol acceptor. AATs are found as part of large families in many plants, and multiple genes are often expressed in a fruit-ripening-dependent manner. Enzymatic characterisation of recombinant enzymes indicates that AATs are quite promiscuous, and will use a broad range of alcohol and acyl-CoA substrates (Yahyaoui et al., 2002; Beekwilder et al., 2004; Souleyre et al., 2005) . However, the efficiency for different substrates varies significantly, for example, SAAT from strawberry is reported to prefer aliphatic alcohols as substrates (C6-C10) and is less efficient with ethanol (Aharoni et al., 2000) ; CmAAT1 from melon is highly active with hexanol but less so with octanol as substrate (El-Sharkawy et al., 2005) ; whilst SlAAT1 from tomato is more active with 2-methylbutanol and isobutanol than SpAAT1 from Solanum pennellii, which is more active against 3-methylbutanol and butanol (Goulet et al., 2015) . Thus, AAT specificity and substrate availability together likely determine the range and quantity of esters produced.
Phenylpropenes are produced by a side branch of the general phenylpropanoid pathway (Figures 1 and S1 ). The formation of compounds such as iso/chavicol and iso/ eugenol are catalysed by phenylpropanoid-related reductases of the PIP family [pinoresinol-lariciresinol reductase, isoflavone reductase, phenylcoumaran benzylic ether reductase]. Specific phenylpropene reductases (PhR), such as eugenol synthases (EGS), isoeugenol synthases (IGS) and bifunctional synthases (e.g. isochavicol/IGS, chavicol/ EGS and EGS/IGS) have been characterised from a number of species (Koeduka et al., 2006 (Koeduka et al., , 2008 (Koeduka et al., , 2009 Vassao et al., 2007; Araguez et al., 2013) . Methylated phenylpropenes such as estragole and methyleugenol are formed by O-methyltransferases (OMT) using S-adenosylmethionine (SAM) as the methyl donor. OMTs have been isolated and biochemically characterised from basil, Clarkia breweri and apple (Wang and Pichersky, 1998; Gang et al., 2002; Yauk et al., 2015) . The PIP family reductases produce phenylpropenes using p-hydroxycinnamyl acetates as substrates. One enzyme, Petunia hybrida coniferyl alcohol acyl transferase (PhCFAT), a member of the BAHD superfamily, has been shown to catalyse the formation of coniferyl acetate from coniferyl alcohol and acetyl CoA (Dexter et al., 2007) . Alcohol acyl transferases (AAT) catalyse the formation of acetate esters using acetyl-CoA and alcohol precursors formed from fatty acid degradation, amino acid precursors (e.g. 2-methylbutanol) or phenylpropanoid pathways (e.g. p-coumaryl and coniferyl alcohols). Further reactions in phenylpropene biosynthesis are catalysed by NADPH-dependent phenylpropene reductases (PhRs) and S-adenosylmethionine (SAM)-dependent O-methyltransferases (OMT). The chemical structures of isochavicol, chavicol, isoeugenol, eugenol and their methylated derivatives are shown in Figure S1 .
Enhanced production of eugenol and its glycosides has been demonstrated in transgenic aspen by over-expression of PhCFAT and PhEGS1 (Koeduka et al., 2013) .
Recent studies have started to dissect the molecular basis for flavour and aroma production in apple. Fifteen quantitative trait loci (QTLs) for eight compounds (seven esters and the aldehyde hexanal) were identified in a 'Discovery' 9 'Prima' cross, with a QTL for hexanal production clustering with three lipoxygenase genes at the top of chromosome 7 (Vogt et al., 2013) . Two QTLs for production of the phenylpropene estragole were identified on linkage group (LG)1 and LG2 using a segregating population from a 'Royal Gala' (RG) 9 'Granny Smith' (GS) cross (Yauk et al., 2015) . Expression analysis, biochemical analysis and the study of knockdown transgenic plants showed that the OMT MdoOMT1 on linkage group (LG) 1 was one gene required for elevated estragole production in RG (Yauk et al., 2015) . Forty-six QTLs associated with volatile ester and alcohol production were also identified in the RG 9 GS cross. The major QTL for 35 of these volatile compounds was positioned on LG2 and co-located with the alcohol acyl transferase 1 (MdAAT1) gene (Souleyre et al., 2014) previously characterised biochemically by Souleyre et al. (2005) . Suppression of MdAAT1 expression in transgenic RG fruit reduced levels of many key volatile esters (Souleyre et al., 2014) . Further evidence for the importance of the MdAAT1 locus in volatile ester production has been provided in other QTL and association studies (Dunemann et al., 2009 (Dunemann et al., , 2012 Rowan et al., 2009; Kumar et al., 2015) .
In this study, we identify the gene underlying the second QTL for production of the phenylpropene estragole on LG2 in the RG 9 GS cross as being MdAAT1. Biochemical characterisation of MdAAT1-RGa shows it can utilise both p-coumaryl and coniferyl alcohols to produce p-hydroxycinnamyl acetates that serve as substrates for a bifunctional chavicol/EGS (MdoPhR5) in ripe apple fruit. Suppression of MdAAT1 expression reduces phenylpropene accumulation in ripe fruit, whilst manipulation of the phenylpropanoid pathway using MdCHS and MdMYB10 transgenic lines increases phenylpropene accumulation. Strawberry SAAT1 and tomato SlAAT1 also utilise p-coumaryl and coniferyl alcohols, indicating that AATs are likely to link volatile ester and phenylpropene production in many different ripening fruit.
RESULTS
Major QTLs for volatile ester and estragole production in ripe apple fruit co-locate with the MdAAT1 gene Two major QTLs for estragole production in ripe apple fruit were identified in a segregating RG 9 GS population on LG1 and LG2. Both QTLs were derived from the RG parent. Yauk et al. (2015) identified the gene under the LG1 QTL as being the OMT MdoOMT1; however, other candidate genes involved in phenylpropene/phenylpropanoid biosynthesis and regulation (e.g. PIP family reductases) did not co-locate with the second major QTL on LG2, which accounted for 24% of the variance (Figure 2a ). Further analysis showed the closest SNP marker (ss475876985) to the maximum logarithm of the odds (LOD) peak for estragole production was identical to that identified by Souleyre et al. (2014) as co-segregating with the production of volatile esters such as 2MBA, butyl acetate and hexyl acetate in ripe apple fruit (Figure 2b ). Estragole and 2MBA production in all progeny plants showed a strong concordance, where seedlings heterozygous for the ss475876985 SNP marker had both higher concentration of 2MBA and estragole (Figure 2c ) with only five exceptions. These five plants (b) QTL LOD score variance explained for the volatile ester 2MBA (2-methylbutyl acetate) and the methylated phenylpropene estragole using the closest genetic marker. (c) Plot showing phenotypic variation for 2MBA and estragole in the RG 9 GS population in relation to the closest SNP marker (ss475876985) on apple linkage group 2. The heterozygous AG allelotype (white diamonds) is associated with higher 2MBA and estragole concentrations, whilst the AA allelotype (black circles) is associated with lower 2MBA and estragole concentrations.
had previously been identified as being potential genotype-phenotype incongruent and do not show any recombination on LG2 (Table S1) . Souleyre et al. (2014) identified 54 candidate genes within a 635.5-kb interval surrounding the major ester QTL on LG2 of which 41 showed evidence for expression. The best candidate gene in the region [located within 50 kb of the ss475876985 marker (Chagn e et al., 2012)] was the alcohol acyl transferase 1 (MdAAT1) gene that Souleyre et al. (2014) subsequently showed was required for volatile ester synthesis. Given the known promiscuity of AAT enzymes, our working hypothesis was that MdAAT1 might utilise p-coumaryl alcohol to produce the p-coumaryl acetate required for chavicol (and after O-methylation, estragole) production in apple. However, MdAAT1 shares only 22% amino acid identity with PhCFAT that catalyses the formation of coniferyl acetate from coniferyl alcohol and acetyl-CoA (Dexter et al., 2007) . In petunia, coniferyl acetate is utilised by IGS (PhIGS1) to produce the large amounts of isoeugenol emitted by petunia flower petals. A phylogenetic tree comparing AATs of known function (Figure 3 ; Table S2) indicates that PhCFAT does not cluster with either of the two main clades containing fruit ripening-and flower-related AATs (G€ unther et al., 2011) . MdAAT1 and tomato SlAAT1 cluster together with melon (CmAAT1) and banana (BanAAT) genes in Clade 1, whilst strawberry SAAT clusters with melon (CmAAT4) and rose (RhAAT1) genes in Clade 2.
Enzymatic activity of MdAAT1 in vitro
The ability of recombinant MdAAT1-RGa from RG to produce p-coumaryl acetate and coniferyl acetate in the presence of p-coumaryl or coniferyl alcohol was tested using radioactive acetyl-CoA (Table 1) . Incorporation was tested relative to three alcohols previously shown to be utilised by MdAAT1-RGa in volatile ester biosynthesis (Souleyre et al., 2005). MdAAT1-RGa utilised both p-coumaryl and coniferyl alcohol as substrates, but incorporation of radioactive acetyl-CoA was low (<2%) compared with substrates (2MBA, butanol and hexanol) used for volatile ester production. Phenylpropene alcohols such as chavicol, eugenol, isoeugenol and isochavicol, also served as substrates, but not coniferaldehyde. MdAAT1-RGa accepted p-coumaryl and coniferyl alcohol as substrates in the presence of two further radioactive CoAs (butyryl and hexanoyl) used in volatile ester biosynthesis (Table 1) . Recombinant MdAAT1-GSa from GS showed weaker activity towards alcohols used for volatile ester biosynthesis and towards p-coumaryl and coniferyl alcohols, when compared with MdAAT1-RGa ( Table 1) .
The activity of MdAAT1-RGa was too low to determine kinetic properties for p-coumaryl and acetyl-CoA using the conditions previously described by Souleyre et al. (2005) for 2MBA, butanol and hexanol in the presence of acetyl-CoA. Greater activity was obtained by increasing protein concentration (from 0.5 to 31.2 lg) and optimising the pH (Figure S2a) in the assays. Under these conditions, the affinity of MdAAT1-RGa towards p-coumaryl alcohol was shown to be 2.9 AE 0.6 mM ( Figure S2b ), and comparable to that reported for hexanol and butanol (7.4 mM and 2.7 mM) in the presence of acetyl-CoA (Souleyre et al., 2005) . However, the calculated V max of 0.030 AE 0.001 nkat mg À1 for p-coumaryl alcohol ( Figure S2b ) was much lower than for hexanol and butanol (2.5 and 0.6 nkat mg
À1
) in the presence of acetylCoA (Souleyre et al., 2005) . In comparison, the kinetic parameters reported for PhCFAT and acetyl CoA with coniferyl alcohol were K m = 27.5 lM and V max = 15.9 nkat/mg, and with benzyl alcohol were K m = 4.5 mM and V max = 16 nkat mg À1 (Dexter et al., 2007) .
Coupled reactions using MdAAT1 and PhRs in planta
To demonstrate the contribution of MdAAT1 to phenylpropene production in planta, transient expression analysis in Nicotiana benthamiana was used. Coupled reactions Figure 4 . Expression profiling of candidate apple phenylpropene reductases (PhRs) in a cold-treated fruit ripening series from Royal Gala (RG) and Granny Smith (GS). Fruit was held at 0.5°C for 4 weeks and sampled 4-6 h (4 weeks), 1 day (4 weeks + 1 day) and 7 days after transfer to 20°C (4 weeks + 7 days). Fruit ripening parameters (firmness, soluble solids, starch pattern index and ethylene production) are given in Yauk et al. (2015) . Notably, internal ethylene concentrations increase at 4 weeks + 1 day and 4 weeks + 7 days. Gene expression levels were determined by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) using gene-specific primers (Table S4) for MdoPhR2-5. Expression of MdoPhR1 was not detected. Data are presented as mean AE SE (n = 3 biological replicates). Statistical analysis in GraphPad Prism: one-way ANOVA using Bonferroni's multiple comparison test. Means with the same letter are not significantly different at the 0.01 level. Activity assays contained MdAAT1-RGa (0.5 lg) or MdAAT1-GSa (31.2 lg), 10 mM alcohol, 1 mM CoA, in 50 mM Bis-Tris propane pH 8.0. Activity was set at 100% for each CoA independently using MdAAT1-RGa and hexanol as the alcohol substrate. Data are presented as mean AE SE (n = 3). nd = not detected.
between MdAAT1 and candidate apple PhR genes (MdoPhR) were used, as the products of this reaction are stable and readily quantified by gas chromatography (GC)-mass spectrometry (MS) after solvent extraction. Thirty-six gene models for putative PIP family phenylpropanoidrelated NAPDH-dependent reductases were previously identified in the apple genome by Yauk et al. (2015) . Screening of apple expressed sequence tags in public databases identified five candidate PhRs (MdoPhR1-5) that were expressed in fruit. Phylogenetic analysis showed that MdoPhR1-4 clustered with P. hybrida PhEGS1 (Class 2, Figure S3) , whilst MdoPhR5 clustered with P. anisum isochavicol/IGS 1 (PaAIS1) in a second clade (Class 1, Figure S3 ) of PhRs, previously described by Koeduka (2014) . Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) was used to examine the expression of MdoPhR1-5 in a cold-treated fruit ripening series from RG and GS. During ripening, estragole and volatile ester production increase as internal ethylene concentrations increase, whilst chavicol, eugenol, isochavicol and isoeugenol levels do not change significantly (Yauk et al., 2015) . Expression of MdoPhR1 was not detected in ripening fruit, whilst MdoPhR3 was expressed at the highest level. MdoPhR2, 3 and 4 were expressed at similar levels in both GS and RG fruit, and did not appear to be induced by ethylene in either cultivar (Figure 4 ). MdoPhR5 was expressed at a higher level in RG, and expression increased sixfold as internal ethylene concentration increased.
Gas chromatography-MS analysis of solvent extractions from coupled reactions in N. benthamiana with MdAAT1-RGa + MdoPhR2-5 showed that only the MdAAT1-RGa + MdoPhR5 combination produced large concentrations of chavicol (~1300 ng g À1 ) when p-coumaryl alcohol was supplied as substrate (Table 2a , Set 1). The MdAAT1-RGa + MdoPhR5 combination also produced eugenol when supplied with coniferyl alcohol (Table 2b , Set 1). Although the concentration was low (~22 ng g À1 ), it was significantly more than observed when using the control MdAAT1-RGa + GUS (~5 ng g À1 ). Thus, MdoPhR5 is likely to be the main chavicol/EGS present in ripe apple fruit.
A second experiment repeating inoculation of MdAAT1-RGa + MdoPhR5 and GUS + MdAAT1-RGa was then performed alongside a further control in which GUS + MdoPhR5 were inoculated. When p-coumaryl alcohol was supplied as substrate (Table 2a , Set 2), very low levels of phenylpropenes (e.g.~3 ng g À1 chavicol) were produced with GUS + MdAAT1-RGa. Higher levels were produced with GUS + MdoPhR5 (e.g.~120 ng g À1 chavicol) suggesting the presence of an endogenous Nicotiana enzyme capable of acylating p-coumaryl alcohol. However, in the presence of apple MdoPhR5 + MdAAT1-RGa significantly higher levels of phenylpropenes were produced (e.g.~7200 ng g À1 chavicol). A similar pattern was observed when coniferyl alcohol was supplied as substrate, with MdoPhR5 + MdAAT1-RGa producing significantly higher levels of eugenol than either GUS + MdoPhR5 or GUS + MdAAT1-RGa inoculations (Table 2b , Set 2). Inoculation of the MdAAT1-GSa allele + MdoPhR5 resulted in significantly lower chavicol (Table 2a , Set 3) and eugenol (Table 2b , Set 3) production compared with when the MdAAT1-RGa allele + MdoPhR5 was used. This result is consistent with previous transient expression studies showing that MdAAT1-GSa produces significantly less 2MBA, butyl acetate and hexyl acetate compared with MdAAT1-RGa (Souleyre et al., 2014) , and with the in vitro results using recombinant proteins for each allele described in Table 1 . Alterations in the active site of MdAAT1-RGa have previously been shown to account for the substantial differences in volatile ester production (Souleyre et al., 2014) , and likely account for the reduced phenylpropene production as well.
Reconstitution of the apple biosynthetic pathway for estragole in tobacco
To reconstitute the full phenylpropene pathway from apple MdAAT1-RGa + MdoPhR5 + MdoOMT1a were transiently expressed together in N. benthamiana. Leaves infiltrated with the three genes and p-coumaryl alcohol produced estragole (64 ng g À1 ; Table 2a , Set 1), whilst methyleugenol was detected at lower levels after infiltration with coniferyl alcohol (12 ng g À1 ; Table 2b , Set 1). Conversion of chavicol to estragole was not efficient under the conditions used. However, the addition of MdoOMT1a to the inoculation increased estragole synthesis >15-fold compared with leaves inoculated with MdAAT1-RGa + MdoPhR5 and p-coumaryl alcohol (64 versus 3.7 ng g À1 ).
Suppression of MdAAT1 expression in transgenic apple reduces volatile ester and phenylpropene production in ripe fruit
Transgenic apple plants downregulated for MdAAT1 have previously been shown to accumulate low levels of volatile esters, including 2MBA, propyl acetate and butyl propanoate compared with RG controls (Souleyre et al., 2014) . Additional headspace analysis on four MdAAT1 knockdown lines (AS70, AS1996, AS2002, AS2004) and RG controls showed that estragole production (the only phenylpropene that can be detected by this technique) was reduced to <20% of the control in three of the lines, with a more modest reduction to 65% in AS1996 (Table 3a) . To increase the number of phenylpropenes detected, solvent extraction and GC-MS analysis were performed on lines AS70, AS2002 and RG controls (Table 3b) . Total phenylpropene production was significantly lower in both transgenic lines (30% of controls for AS70 and 7% for AS2002). Levels of the six phenylpropenes detected were all reduced, with the most significant reductions occurring for estragole and eugenol (4-12% of controls). Reduction in phenylpropenes was similar to that observed for representative volatile esters 2MBA, propyl acetate and butyl acetate, which were reduced to 3-13% of the concentrations measured in the controls (Table S3a) .
Suppression of MdCHS expression in transgenic apple increases the accumulation of phenylpropenes in ripe fruit
In strawberry, suppression of chalcone synthase (CHS) expression and heterologous over-expression of ObEGS1 from basil or PhIGS1 from petunia was used to redirect flux from the phenylpropanoid pathway towards phenylpropene production (Hoffmann et al., 2011) . Transgenic apple plants suppressed for MdCHS expression in leaves have previously been produced (Dare et al., 2013) , but not characterised for volatile organic compound production. MdCHS knockout lines show growth and leaf developmental abnormalities, fruit production is highly irregular, and only low numbers of small fruit (~30 g versus~90 g for wild-type) are obtained. Nevertheless, sufficient fruit In Set 1, the activity of candidate apple PhRs was tested using tobacco leaves infiltrated with MdoPhR-2, -3, -4 or -5 + MdAAT1-RGa. GUS + MdAAT1-RGa was used as the control. In the same experiment, the full phenylpropene pathway from apple was reconstituted by infiltration of three genes: MdAAT1-RGa + MdoPhR5 + MdoOMT1a. In Set 2, the activity of MdoPhR5 + MdAAT1-RGa was compared with two controls: GUS + MdoPhR5 and GUS + MdAAT1-RGa.
In Set 3, the activity of MdAAT1 alleles from 'Royal Gala' and 'Granny Smith' were tested using leaves infiltrated with MdAAT1-RGa or MdAAT1-GSa coupled with MdoPhR5. GUS + MdAAT1-RGa was used as the control. In all cases, 7 days after inoculation, leaves were infiltrated with either p-coumaryl alcohol (a) or coniferyl alcohol (b). Data are presented as mean AE SE. All extractions were performed in triplicate. Statistical analysis was performed in GraphPad Prism: one-way ANOVA using Dunnett's multiple comparison test versus control/s. Significantly more than the control at ***P < 0.001, **P < 0.01, *P < 0.05. All compound concentrations are in ng/g. was obtained over two seasons to analyse the production of phenylpropenes in four transgenic lines (CHS-A2, A5, A6 and A7). Total phenylpropene concentrations, in all four knockout lines, were higher than in the corresponding control fruit (Table 4) , whilst production of representative volatile esters butyl acetate, 2MBA and hexyl acetate was not consistently different (Table S3b) . Line CHS-A7 was analysed for two seasons, and showed significantly higher levels of estragole, chavicol, and (E)-and (Z)-isochavicol, in both years. Line CHS-A2 also showed significantly higher levels of chavicol and (E)-and (Z)-isochavicol as well as eugenol. These results indicate that redirecting additional substrate from the phenylpropanoid pathway to the AAT enzyme in apple can alter the levels of phenylpropenes in the fruit.
Over-expression of MdMYB10 in transgenic apple increases the accumulation of phenylpropenes during fruit development
The flavonoid/phenylpropanoid pathway in plants is responsible for anthocyanin biosynthesis. Over-expression of the anthocyanin-regulating transcription factor MdMYB10 under control of the CaMV 35S promoter in transgenic apple plants leads to a range of striking phenotypes that include red foliage and red-fleshed fruit. Elevated transcript levels of MdMYB10 correlate with higher levels of the anthocyanin biosynthetic gene transcripts, and higher levels of anthocyanins, flavonols and total phenolics (Espley et al., 2013) . Phenylpropene biosynthesis in these lines was not reported. Fruit from RG controls and the well-characterised MdMYB10 over-expressing line MYB10-A3 were analysed at four stages during fruit development (T2-T5) for the production of total phenylpropenes (Figure 5a ; individual compounds in Table S3c ), and volatile aldehydes (Figure 5b ; Table S3d ) and esters ( Figure 5c ; Table S3e ). Phenylpropene concentrations increased through development in both RG and MYB10-A3, with MYB10-A3 accumulating higher levels of phenylpropenes at all four stages, but particularly at T4 and T5 (~three-to fivefold higher). RG and MYB10-A3 produced similar levels of aldehydes during fruit development, whilst ester production was elevated in MYB10-A3 fruit at stages T4 and T5. The increase in ester production at T4 and T5 was correlated with increased ethylene production in the MYB10A3 fruit ( Figure 5d ).
As MdMYB10 has been shown to upregulate transcript levels of anthocyanin biosynthetic genes (Espley et al., 2013) , it might also upregulate genes involved in phenylpropene biosynthesis, which could explain the increase in phenylpropene levels in MYB10-A3 fruit. Expression of MdoOMT1 and the key ethylene biosynthetic genes MdACO1 (ACC oxidase) and MdACS3 (ACC synthase; Wang et al., 2009) was elevated earlier in the MYB10-A3 fruit relative to RG controls at stage T4 (Figure 5e-g ), and this correlated with the earlier ethylene production and ester production in the MYB10-A3 fruit. MdoOMT1 expression has previously been shown to be ethylene dependent (Yauk et al., 2015) . Expression of MdoOMT1, MdACO1 and MdACS3 increased in both MYB10-A3 and RG controls at stage T5. Expression of MdoOMT1, MdACO1 and MdACS3 was higher in RG controls at T5, although ester and ethylene production were both lower in the RG controls at this time point.
Expressions of MdAAT1 and MdoPhR2, 3, 4 and 5 were similar at corresponding developmental stages in both MYB10-A3 and RG, except at stage T5, when expression was significantly higher in the RG controls (Figure 5h-l) . For all samples in (a) n = 3; except AS2002 where n = 2. In (b), n = 3 for control and AS2002; n = 7 for AS70. Statistical analysis was performed in GraphPad Prism: one-way ANOVA using Dunnett's multiple comparison test versus control. Significantly less than the control at ***P < 0.001, **P < 0.01, *P < 0.05. All compound concentrations are in ng/g.
Notably, the increased phenylpropene production in MYB10-A3 compared with RG controls at T2-T5 was not correlated with increased transcription of MdAAT1 or MdoPhR5. This observation suggested that the increase in phenylpropene levels in MYB10-A3 was not associated with an increase in transcription of phenylpropene biosynthetic genes. The increase in phenylpropene levels in MYB10-A3 fruit was instead most likely due to some of the increased flux in the phenylpropanoid pathway being diverted into the phenylpropene pathway.
Can AAT genes from tomato and strawberry utilise p-coumaryl and coniferyl alcohol?
Alcohol acyl transferase genes that produce volatile esters during fruit ripening cluster in two clades (Figure 3) . Two of these genes, SAAT from strawberry and SlAAT1 from tomato, are from fruit that are known to accumulate significant levels of phenylpropenes (Ortiz-Serrano and Gil, 2010; Tikunov et al., 2010; Araguez et al., 2013) . To determine if SlAAT1 and SAAT could utilise p-coumaryl and coniferyl alcohols to produce phenylpropenes, coupled reactions with MdoPhR5 were performed in tobacco leaves. The results in Table 5 indicate that both SAAT + MdoPhR5 and SlAAT1 + MdoPhR5 produced significant amounts of chavicol (5018 ng g À1 and 1192 ng g À1 , respectively) when leaves were infiltrated with p-coumaryl alcohol. SAAT + MdoPhR5 also produced significantly more eugenol (163 ng g À1 ) than the GUS + MdoPhR5 control (1.5 ng g À1 ) when incubated with coniferyl alcohol.
SlAAT1 + MdoPhR5 produced low levels similar to the GUS + MdoPhR5 control. These results indicate that SAAT, like MdAAT1, can utilise both p-coumaryl and coniferyl alcohol to produce p-hydroxycinnamyl acetates, whilst SlAAT1 appears to utilise only p-coumaryl alcohol.
DISCUSSION
Terpenoids and phenylpropanoid-derived volatiles (including phenylpropenes) are the largest classes of volatile organic compounds that contribute to floral scent and pollinator attraction. This abundance has facilitated the discovery of multiple genes involved in phenylpropene biosynthesis in flowers, including PhCCR1 (Muhlemann et al., 2014) , PhCFAT (Dexter et al., 2007) , as well as EGS and IGS (Koeduka et al., 2006 (Koeduka et al., , 2008 (Koeduka et al., , 2009 ) and OMTs (Wang and Pichersky, 1998; Gang et al., 2002) . In fruit, where phenylpropenes are less abundant, much less is known about the genes controlling phenylpropene biosynthesis. In strawberry, FaEGS1a and FaEGS1b have been shown to catalyse the formation of eugenol from coniferyl acetate in vitro, whilst FaEGS2 catalysed the formation of eugenol and isoeugenol. Expression patterns of these genes correlated with eugenol content (Araguez et al., 2013) . In this paper, we increase knowledge of phenylpropene biosynthesis in fruit. Using a genetics approach, we colocated the MdAAT1 gene with major QTLs for volatile ester and phenylpropene production in apple, thus linking the production of key flavour volatiles from two biosynthetic pathways through a single enzymatic step (Figure 1) . Although MdAAT1 shows low homology with PhCFAT, it was able to utilise p-coumaryl and coniferyl alcohol as substrates, albeit at much lower relative rates than alcohols such as hexanol, 2-methylbutanol and butanol used in volatile ester production. The importance of the MdAAT1-RGa allele to phenylpropene production was established in transient assays that showed the MdAAT1-RGa allele produced much higher levels of phenylpropenes compared with the MdAAT1-GSa allele. This difference likely explains the QTL for estragole production derived from the RG parent in the RG 9 GS cross. Finally, involvement of MdAAT1 in phenylpropene production was confirmed using transgenic plants suppressed for MdAAT1 in which both volatile ester and phenylpropene production were reduced by 90%.
Using coupled reactions, a bifunctional chavicol/EGS (MdoPhR5) was identified in apple. Leaves infiltrated with MdAAT1-RGa + MdoPhR5 and p-coumaryl alcohol accumulated much higher (>60-fold) levels of chavicol than Phenylpropenes from the ripe fruit of MdCHS knockout lines and matching RG controls were extracted into solvent and analysed by GC-MS. Data are presented as mean AE SE. For all MdCHS lines n = 3; Control-1 n = 4; Control-2 n = 9. Statistical analysis was performed in GraphPad Prism: one-way ANOVA using Dunnett's multiple comparison test versus control. Significantly more than the control at ***P < 0.001, **P < 0.01, *P < 0.05. All compound concentrations are in ng/g. leaves infiltrated with coniferyl alcohol (Table 2) , suggesting MdoPhR5 acts primarily as a chavicol synthase in planta. Reconstitution of the full pathway to production of estragole (the major phenylpropene observed in ripe fruit; Figure 1 ) was achieved by co-infiltration of MdAAT1-RGa + MdoPhR5 + MdoOMT1 and p-coumaryl alcohol.
The enzyme(s) responsible for the production of other phenylpropenes including isoeugenol and (E)-and (Z)-isochavicol that accumulate to high levels in ripe apple fruit (see controls Tables 3b and 4) was not fully resolved. In transient assays MdoPhR5 produced significantly higher levels of (E)-isochavicol than controls in one experiment Figure 5 . Volatile production and gene expression profiling in MYB10-A3 and Royal Gala (RG) controls at four stages during fruit development. Volatiles from the MdMYB10 over-expressing line MYB10-A3 and matching RG controls at four stages during fruit development (T2-T5) were extracted into solvent and analysed by gas chromatography (GC)-mass spectrometry (MS). Data presented are for total phenylpropenes (a), esters (b), aldehydes (c) and ethylene (d). Data for individual phenylpropenes, esters and aldehydes are in Table S3c -e. Gene expression levels in the corresponding samples were determined by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) using gene-specific primers (Table S4) for the ethylene biosynthetic genes MdACO1 (e) and MdACS3 (f), MdoOMT1 (g), MdAAT1 (h), MdoPhR2 (i), MdoPhR3 (j), MdoPhR4 (k) and MdoPhR5 (l). Data are presented as mean AE SE (n = 3 biological replicates). Statistical analysis was performed in GraphPad Prism: one-way ANOVA using Bonferroni's compare selected columns test versus control. Significantly more than the control at ***P < 0.001, *P < 0.05; significantly less than the control at^^^P < 0.001.
( Table 2a , Set 2), but not a second (Table 2a , Set 1). MdoPhR4 might be a candidate for the production of isoeugenol as leaves inoculated with MdAAT1 + MdoPhR4 and coniferyl alcohol accumulated slightly higher levels of isoeugenol than controls. Phenylpropenes such as chavicol, eugenol, isoeugenol, and (E)-and (Z)-isochavicol are shown here to accumulate during apple fruit development (Figure 5a ; Table S3c ). A similar pattern has been observed in tomato, where volatile and glycosidically bound eugenol concentrations increased between green and red fruit (Ortiz-Serrano and Gil, 2010) . In strawberry, eugenol concentrations also increased slightly in the receptacles of red fruit, although accumulation occurred mainly in the achenes of green fruit where concentrations decreased as fruit ripened (Araguez et al., 2013) . Expression of MdAAT1 and MdoPhR5 were expressed at all four fruit development stages tested (T2-T5), and can account for production of chavicol and eugenol in developing apple fruit. Production of estragole in apple was observed predominantly in ripe fruit samples (Tables 3 and 4) , supporting previous observations that estragole and expression of MdoOMT1 are strongly linked with ethylene production (Yauk et al., 2015) .
Redirection of carbon flux from the phenylpropanoid pathway into phenylpropene production was observed in ripe apple fruit where MdCHS genes were suppressed using an RNAi-mediated gene silencing approach, and in apple fruit development where the MdMYB10 transcription factor was over-expressed. In apple, a significant proportion of phenylpropanoid flux is directed towards production of the dihydrochalcone phloridzin. p-Coumaroyl CoA is reduced to produce dihydro-p-coumaroyl CoA (Ibdah et al., 2014) , which is condensed by MdCHS to form phloretin (Gosch et al., 2009) and then glycosylated to produce phloridzin (Jugd e et al., 2008) . MdCHS knockout lines accumulate only 3-5% of phloridzin and no anthocyanins, suggesting a large pool of substrate is available for redirection into phenylpropene biosynthesis (Dare et al., 2013) .
Metabolic engineering in strawberry used a similar approach to redirect flux from anthocyanin production (pigments that are derived from p-coumaroyl CoA) towards phenylpropene production (Hoffmann et al., 2011) . In this case, suppression of CHS alone did not increase phenylpropene levels, but did lead to the accumulation of p-coumaroyl acetate. Heterologous expression of ObEGS1 or PhIGS1 was required to produce phenylpropenes. These results suggested that cultivated strawberry contains a 'functional acyl transferase' but lacked a suitable PhR. Our results indicate that SAAT might be this 'functional acyl transferase' as it can utilise p-coumaryl and coniferyl alcohol in conjunction with MdoPhR5 to produce phenylpropenes (Table 5) , and is expressed in the appropriate tissues (Aharoni et al., 2000) . In transient assays, SlAAT1 can also utilise p-coumaryl alcohol to produce phenylpropenes (Table 5) , and its expression matches the accumulation of eugenol during tomato ripening (Goulet et al., 2015) . Together our results from apple, strawberry and tomato suggest that AATs involved in volatile ester production are also likely to be involved in phenylpropene production in many different fruit.
EXPERIMENTAL PROCEDURES QTL analysis
Volatile collection and analysis by GC-MS were described in Rowan et al. (2009) . Selected seedlings from the RG 9 GS segregating population were genotyped using the Apple 8k Infinium â II SNP array (Chagn e et al., 2012) . SNP array data were analysed using the Genotyping Module of the GenomeStudio Data Analysis software (Illumina, San Diego, CA, USA), and QTL analysis was performed with MapQTL â version 5 (Chagn e et al., 2012). QTL were detected using the non-parametric Kruskal-Wallis test, and interval mapping for the ester compounds and estragole, respectively. A QTL was declared if the maximum LOD score was above Activity was tested using leaves infiltrated with strawberry (SAAT) or tomato (SlAAT1) coupled with MdoPhR5. GUS + MdoPhR5 was used as the control. Seven days later, leaves were infiltrated with either p-coumaryl or coniferyl alcohols. Phenylpropenes were extracted into solvent and analysed by GC-MS. Data are presented as mean AE SE. All extractions were performed in triplicate. Statistical analysis was performed in GraphPad Prism: one-way ANOVA using Dunnett's multiple comparison test versus control. Significantly more than the control at ***P < 0.001, **P < 0.01, *P < 0.05. All compound concentrations are in ng/g. the 90% genome-wide threshold after 1000 permutations (permutation test).
Phylogenetic analysis
Amino acid alignments were generated using Clustal W in Geneious Pro 8.1.2. Trees were inferred using the maximum likelihood method based on the JTT matrix-based model (Jones et al., 1992) . Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013) .
AAT activity assays
MdAAT1-RGa (aka MpAAT1) was expressed in Escherichia coli, purified through HiTrap TM chelating HP columns (Amersham Biosciences, Buckinghamshire, UK) and concentrated using Vivaspin columns (Sartorius, Hannover, Germany), as described in Souleyre et al. (2005) . Protein concentration was measured using an ND-1000 spectrophotometer. Activity assays were performed in triplicate in 100 ll reactions containing semi-purified protein (0.5 lg of MdAAT1-RGa, 31.2 lg MdAAT1-GSa), 10 mM alcohol, 1 mM CoA ( 14 C-labelled + non-radioactive acetyl-CoA), in 50 mM BisTris propane pH 8.0. Control samples using boiled protein were also performed. Reaction mixtures were extracted with hexane and analysed by liquid scintillation counting, and background counts were subtracted.
For determining kinetic properties, reactions were performed as described above but in 50 mM Bis-Tris propane pH 7.0 and using 31.2 lg of MdAAT1-RGa protein. Concentrations of p-coumaryl alcohol were varied from 0.1 to 40 mM with a fixed saturating acetyl-CoA concentration of 1 mM.
Chavicol was synthesised by BBr 3 demethylation of estragole (Agharahimi and LeBel, 1995) , and p-coumaryl alcohol by esterification of p-coumaric acid followed by DIBAL reduction to p-coumaryl alcohol (Quideau and Ralph, 1992) . (Z)-and (E)-isochavicol were synthesised as described by Lin et al. (2011) .
14 C-labelled CoAs were obtained from American Radiolabeled Chemicals (St Louis, MO, USA), and all other chemicals from Sigma-Aldrich (St Louis, MO, USA).
RT-qPCR
Total RNA was extracted from three biological replicates of each tissue using the Spectrum TM Plant Total RNA kit (Sigma-Aldrich). First-strand cDNA synthesis was performed according to manufacturer's instructions. Expression analysis was performed in quadruplicate on a LightCycler 480 platform (Roche Applied Science, Mannheim, Germany) using SYBR green master mix as described previously (Yauk et al., 2015) . Data were analysed using the Target/Reference ratio calculated with the LightCycler 480 software 1.5 with PCR efficiency corrections for all primer pairs, thereby enabling a comparison of the level of expression of two different genes to a stably expressed reference gene (MdEF1a). Gene-specific primers, product sizes and primer efficiencies are given in Table S4 .
Functional characterisation using transient assays
MdoPhR2-5, SAAT and SlAAT1 were cloned into CaMV 35S binary vectors for gene over-expression as described in Table S4 . Construction of binary vectors pHEX2-MdAAT1-RGa, pHEX2-MdAAT1-GSa, pSAK778-MdoOMT1a, pBIN61-p19 and pHEX2-GUS has been reported previously (Voinnet et al., 2003; Nieuwenhuizen et al., 2013; Souleyre et al., 2014; Yauk et al., 2015) . All constructs were electroporated in Agrobacterium tumefaciens strain GV3101. Freshly grown cultures were mixed in equal ratio with the suppressor of gene silencing p19 (pBIN61-p19) and infiltrated into N. benthamiana leaves as described in Hellens et al. (2005) . After 7 days, leaves were infiltrated with p-coumaryl or coniferyl alcohol (2 mM). Leaves were harvested after 4 h and frozen at À80°C until processed further.
Transgenic plant growth and fruit treatments
Generation of transgenic MdAAT1 knockdown plants, MdCHS knockout plants and the MdMYB10 over-expressing line MYB10-A3 have been described previously (Espley et al., 2009; Dare et al., 2013; Souleyre et al., 2014) . Transgenic and control RG plants were grown under containment greenhouse conditions and pollinated as described in Souleyre et al. (2014) .
To ensure co-ordinate ripening, fruit from MdAAT1, MdCHS and RG controls were treated with ethylene (100 ll L À1 ) for 1 day, then held for 7 days at 20°C before sampling. For the MdMYB10 study, permanent catheters were inserted into the core cavity of individual fruit from MYB10-A3 and RG controls, and gas samples (1 cm 3 ) were extracted at regular intervals. Ethylene concentrations were measured by flame ionisation-GC as described in Johnston et al. (2009) . For the developmental series fruit were harvested at four stages: T2 at 65 days after anthesis (DAA), T3 at 85 DAA, T4 at 110 DAA and T5 at 120 DAA. Figure S1 . Chemical structures of phenylpropene volatiles. Figure S2 . Biochemical properties of MdAAT1-RGa. Figure S3 . Phylogenetic analysis of protein sequences of MdoPhR1-5 and other representative phenylpropanoid-related reductases. Figure S4 . GC-MS profiles of phenylpropene standards and transient assay samples. Table S1 . Fine mapping of the major QTL for 2MBA and estragole on LG2 Table S2 . GenBank accession numbers of AAT sequences used in Figure 3 Table S3 . GC-MS analysis of solvent-extracted volatiles from the fruit of transgenic MdAAT1, MdCHS and MdMYB10 lines and matching RG controls Table S4 . Oligonucleotide primers and cloning strategies
